ABSTRACT The Pacific Northwest Smart Grid Demonstration (PNWSGD) was a smart grid technology performance evaluation project that included multiple U.S. states and cooperation from multiple electric utilities in the northwest region. One of the local objectives for the project was to achieve improved distribution system reliability. Toward this end, some PNWSGD utilities automated their distribution systems, including the application of fault detection, isolation, and restoration and advanced metering infrastructure. In light of this investment, a major challenge was to establish a correlation between the implementation of these smart grid technologies and the actual improvements of distribution system reliability. This paper proposes using Welch's t-test to objectively determine and quantify whether distribution system reliability is improving over time. The proposed methodology is generic, and it can be implemented by any utility after calculation of the standard reliability indices. The effectiveness of the proposed hypothesis testing approach is demonstrated through comprehensive practical results. It is believed that wider adoption of the proposed approach can help utilities to evaluate a realistic long-term performance of smart grid technologies.
I. INTRODUCTION
The Pacific Northwest Smart Grid Demonstration (PNWSGD), a $178 million project that was co-funded by the U.S. Department of Energy in late 2009, was one of the most comprehensive demonstrations of electricity grid modernization ever completed. The project's geographic breadth extended across five Pacific Northwest states: Idaho; Montana; Oregon; Washington; and Wyoming. It involved about 60,000 metered customers from at least 11 of the region's utilities, and included many key functions of the future smart grid. PNWSGD project had many objectives, both regionally as well as utility based. These objectives were as follows.
1) Create the foundation for a sustainable regional smart grid that continues to grow after the completion of this demonstration project. 2) Develop and validate an interoperable communication and control infrastructure using incentive signals to coordinate a broad range of customer and utility assets, including demand response, distributed generation and storage, and distribution automation; engage multiple types of assets across a broad, five-state region; and extend from generation through customer delivery. 3) Measure and validate smart grid costs and benefits for customers, utilities, regulators, and the nation, thereby laying the foundation of business cases for future smart grid investments. 4) Contribute to the development of standards and transactive control methodologies for a secure, scalable, interoperable smart grid for regulated and non-regulated utility environments across the nation. 5) Apply smart grid capabilities to support the integration of a rapidly expanding portfolio of renewable resources in the region. These several objectives and results are discussed in detail in project report [1] . One of these objectives for some of the participating utilities was to attempt improvement in distribution system reliability. Distribution system reliability is a major consideration from the point of view of customers and regulatory commissions. Typically, all the utilities across the United States calculate their reliability and report the calculations to commissions. The outage and reliability measurements are critical performance metrics for utilities, and such, they follow standardized outage and reliability reporting practices. Outage data collection methods were updated in the latest IEEE guide for collecting, categorizing, and utilizing information related to electric power distribution interruption events [2] . The IEEE Distribution Working Group developed benchmark reliability data sets [3] .
There have been previous research efforts regarding prediction and improvement of distribution system reliability. Several authors proposed probabilistic methods for predictive evaluation of distribution system reliability [4] . The focus of these papers is on the predictive evaluations of reliability. Markov modeling is used for the predictive evaluation of distribution system reliability in [5] . Methods to estimate system average interruption frequency index (SAIFI) and system average interruption duration index (SAIDI) using Monte Carlo techniques are proposed in [6] . Other major focus of previous research is on impact of placement of various equipment on reliability.
An optimization-based switch placement algorithm to improve reliability is presented in [7] . The impact of sectionalizer placement on outages and distribution feeder planning is studied in [8] . A contribution of distributed generation (DG) toward the improvement of distribution system reliability is studied in [9] . The impact of various maintenance strategies on reliability indices is evaluated in [10] . Many utilities across the United States are deploying fault detection, isolation and restoration (FDIR) and advanced metering infrastructure (AMI) to improving outage visibility and response [11] , [12] . By some estimates, wider implementation of these outage-reducing smart grid technologies may result in $70 billion in annual benefits to the U.S. economy [13] .
However impact of implementation of FDIR and AMI on reliability needs to be evaluated by carrying out post implementation reliability analysis. Several utilities in the PNWSGD upgraded their infrastructure with AMI and FDIR systems. Data collected from the AMI can be utilized by operators to improve distribution system operation. For example, an AMI system can provide a ''last gasp'' signal to an operator. This message indicates to the operator that one or more of the AMI connected smart meters is no longer being provided with a voltage source. This helps a utility to identify outage locations. Accurate and quicker detection of outage areas helps in accelerated restoration of power supply to loads.
This improving system reliability indices. FDIR applications generate switching plans to isolate faulted sections and to restore service to non-faulted feeder sections. Depending on the specific utility, and specific FDIR implementation, FDIR can automatically execute switching operators, or simply present the dispatcher with a switching plan to be implemented; in either case, the determination of fault location and the suggested switching plan is the same. And is achieved by using data from relays, fault detectors, and any other available data sources. A properly operating FDIR system ensures automatic tagging, and no equipment overload while rerouting power. This is expected to accelerate power restoration, reducing both the impact and duration of power interruptions.
Evaluation of the practical and realistic long-term benefits of implementation of FDIR and AMI was an objective of the PNWSGD. The reliability analysis intended to evaluate a value proposition for AMI and FDIR systems. This required continuous measurement of outage related data and calculation of reliability indices by the participating utilities. Practical studies of this type have previously been carried out, for example in [14] , which presents a detailed study of historical reliability indices for some U.S. and Canadian utilities. A causal analysis of interruptions to investigate the reliability performance of utility distribution systems was discussed using past years' historical data in [15] and [16] . As explained in [17] , reliability indices are based on random events. The challenge for the PNWSGD utilities was to establish a correlation between implementation of smart grid technologies and actual distribution system reliability improvement in this noisy environment. This paper proposes a statistical methodology based on hypothesis testing to monitor changes in reliability indices. The tests may support the efficacy of newly installed smart grid technologies and, more generally, impacts of any changes in the way a utility manages its distribution system. The proposed methodology is generic, and it can be implemented by any utility after calculation of the standard reliability indices. This method can help utilities to objectively assess the reliability performance of circuits as new smart grid assets are applied. We believe the assessments are moderately robust to various weather or power system uncertainties.
This paper is organized as follows. Section II introduces standardized reliability indices and standards. Section III introduces the Welch's t-test. Section IV comprehensively discusses various PNWSGD practical study results where this method was successfully used to evaluate performance of circuits as FDIR and AMI technologies were being applied. Section V summarizes findings of the PNWSGD project concerning distribution system reliability.
II. RELIABILITY INDICES
Distribution utilities measure the performance of their feeders using standard reliability indices. These indices measure utilities' vulnerability to power outages and their performance while responding to them. They provide information regarding the number of customers affected by the power outage, outage duration, etc. The indices enable comparison of the performance of different feeder circuits and monitoring of changes in a particular circuit's reliability performance over time. The PNWSGD further used reliability indices to validate benefits that had been anticipated from the installation of certain smart grid systems and tools, looking for improvements in these indices in the months and years after the new technologies had been installed. Several indices are listed and described in accordance with the IEEE Guide for Electric Power Distribution Reliability Indices [18] . These indices monitor primarily sustained outages, which are interruptions that last more than 5 minutes. Typical annual median values for sustained indices for the U.S. utilities are listed in Table 1 . [3] discuss the ''2.5 β'' methodology that defines major event days with respect to distribution reliability performance and discounts the impacts of outage events on these major event days. Detailed calculation of major event days is explained in [3] and [18] . As per this standard, activities that occur on days classified as major event days should be separately analyzed and reported.
PNWSGD analysts presumed that reliability indices have been calculated according to standard methods. We presume further that a series of indices has been calculated monthly for a given circuit, distribution system, or utility. The next section proposes a statistical treatment to help assess whether the reliability indices are significantly improving or degrading over time.
III. WELCH'S T-TEST
The calculated reliability indices are highly variable over time. Individual events such as faults are highly unpredictable; hence, reliability indices that measure the outage performance of a utility are also variable.
The PNWSGD project proposed and applied a method to observe changes in a time series of reliability indices and suggest whether the changes were significant or meaningful. The method separates the indices by whether they occurred before or after a given data interval-a month, in this case. That month has special meaning if it is known to coincide with the instant that a new smart grid reliability-enhancing technology such as AMI or FDIR became deployed. Because the project conducted observational study, any improvement detected by this method can only be said to be correlated to the asset system's engagement or another utility practice; causation cannot be proven.
The populations of indices on the two sides of the time demarcation are treated as independent sets, and a Welch's t-test is conducted to objectively compare the two populations. Here, it must be assumed that the random variable probability distributions are normal and therefore Welch's t-test is applicable. Compared with the similar Student's t-test, Welch's t-test relaxes the expectation that the two populations have an equal number of samples or share the same variance, which makes Welch's t-test more appropriate for this application. The test is among the oldest statistical methods for testing: 1) whether two populations are the same or different; and 2) the certainty with which the populations can be said to be the same or different.
The PNWSGD analysts used the R statistical software, which facilitates calculation of Welch's t-test with the function ''t.test'' [19] , [20] . The t-statistic and effective degrees of freedom for a given trial evaluation may be calculated from the individual populations' means, sample variances, and sample sizes. The t-distribution may be used thereafter as for a Student's t-test.
The comparisons may be used iteratively, in which case the separation between prior and post months marches through successive months, and the method reports whether the indices in the following months have significantly changed value when compared with the preceding months. Let us denote a reliability index sample value for sequential time intervals i as ri. Let i * denote the interval at the juncture between the n prior observations (i < i * ) and the m subsequent observations (i > i * ). Let us further propose a null hypothesis that the set of n prior observations is greater than or equal to the set of m subsequent observations. If this hypothesis becomes rejected, then we will have confidence that the m subsequent observations are smaller than the n prior ones.
The next section will graphically show the results of Welch's t-test for various reliability indices and sets of utility data. The parameter being graphed is the p-value output from the R function ''t.test.'' Some of the figures will additionally include hypothesis testing thresholds-often representing the 5-95% confidence interval, within which the prior and subsequent sample populations would typically be presumed to be statistically undifferentiable.
IV. RELIABILITY ANALYSIS
The above test was applied to historical data from PNWSGD utilities that had implemented FDIR or AMI. We will review the results with and without the ''2.5 β'' standard.
A. AVISTA UTILITIES DATA
Avista Utilities, an independent service provider supplying Pullman, WA, installed AMI meters and FDIR within Pullman's distribution management system (DMS) to help it more rapidly locate faults and improve its outage recovery process.
The premise is that the utility becomes alerted sooner after an outage as to which customers are affected. In some instances, the precise fault circuit location is identified and the updated DMS automatically takes actions to restore most customers' electrical service. The utility can quickly identify customers whose service could not be automatically restored, and the utility can then send the right resources to restore their service. Rapid service restoration has an economic benefit for the utility and its customers.
The
Project data extend from December 2009 to August 2014. The project attempted to observe and verify improvements in the site's reliability based on SAIFI and SAIDI, which were calculated by the utility and submitted to the project for each project month. The indices were available for each of 13 Pullman feeders, but the project's analysis used aggregated indices that had been calculated by the utility for all of Pullman. No indices were submitted from the months of 2011. March 2009 had unusually high SAIFI values, the magnitudes of which have not been exceeded since. This is result of an ice storm February 26, 2009, and a wind storm March 15, 2009 , exemplifying the strong weather dependence of reliability data. The greatest SAIFI value is about 0.75 outages per customer that month. The average month's SAIFI for the site is 0.085 ± 0.021 sustained outages per customer over these 57 months. The median month had 0.020 sustained outages per customer. These calculated statistics did not include 2011 data, for which no data were made available. No clear improvement or degradation in SAIFI can be claimed based on inspection of the raw SAIFI data in Fig. 1 . Fig. 2 shows SAIDI from January 2009 through September 2014. The greatest SAIDI value was 94 minutes per customer in November 2010. The average month's SAIDI was 8.8 ± 2.3 minutes per customer, and the median was 2.3 minutes per customer per month. Again, no values were available for 2011. Fig. 3 is the result of hypothesis testing using Welch's t-test as described in Section III, where these results are based on the monthly SAIFI values that were shown in Fig. 1 . The the percent likelihood that the following months' SAIFI is smaller than in previous months.
Horizontal, dashed red lines have been placed on the figure to indicate the normal thresholds at which one may have 95% confidence in the premise. Conversely, the red dashed line at 5% suggests the threshold at which the latter months' indices appear to be significantly greater than, not smaller than, the indices of the preceding months. The SAIFI performance was so good in the second half of 2009 that the calculated trend projected that SAIFI had become worse by 2010.
The t-test discounted the effects of the two initial spikes in Fig. 3 , concluding that these were possibly outliers. Through the remainder of the project term, the method indicated the index was neither significantly improving nor degrading. The fact that the likelihood values remain in the bottom half of the range might suggest that SAIFI values are tending to become slightly worse. The system's SAIFI performance did not significantly improve after the FDIR system was reported to have become activated in August 2013.
The methods used to create Fig. 4 are the same as was described above, but this figure is based on the site's monthly SAIDI values. The sawtooth patterns on the two sides of 2011 were likely caused by the uncharacteristic peak SAIDI value in November 2010. At no time does the likelihood exceed the 5% or 95% thresholds. No change can be strongly claimed concerning the utility's management of SAIDI during the term. A weak worsening trend was perhaps observed.
The above analysis was carried out without removing major event days. In the next figures, the 2.5 β methodology was used with the same data sets to remove major event days. The IEEE standard methodology suggests that five years' worth of past historical data are necessary to calculate major event days (MEDs). In the absence of so much historical data, available data were used. This analysis found five MEDs: 04/18/2010, 11/16/2010, 01/20/2012, 04/07/2014, and 07/23/2014. SAIDI and SAIFI values for these days were removed from the original data set, and Welch's t-test method was reapplied. Section IV-B shows likelihood values for the SAIFI data set without MEDs.
In Fig. 5 , the results in compared to Fig. 3 is clearly due to non-consideration of MEDs. Similarly, SAIDI values were recalculated without MEDs and Welch's t-test reapplied. Fig. 6 shows monthly likelihood values calculated using Welch's t-test for SAIDI values without MEDs. Though the sawtooth pattern on both sides of 2011 continues to occur, the MED in November 2010 is absent, so SAIDI values are better at the end of 2010. This is reflected in the likelihood values.
The project was not able to verify that the new FDIR system, or any other distribution management practices for that matter, had significantly affected the reliability indices that had been targeted for improvement. Similarly, no significant improvement in the site's SAIFI or SAIDI values could be verified. Avista reported that few outages had occurred during the PNWSGD of the type that would lock out their site's reclosers and engage the capabilities of FDIR.
B. PENINSULA LIGHT COMPANY
Peninsula Light Company applied FDIR with supervisory control and data acquisition (SCADA)-controlled distribution switches to monitor and more quickly recover from distribution system faults on its feeder on Fox Island, WA. The SCADA system maintained a real-time state of the connected network with load flow and circuit ratings, and calculated an optimal network configuration in the event of a faulted section of network. The objective was to reduce the SAIDI and perform cold-load pick-up by quickly restoring as much healthy network as practical without exceeding circuit capacity. Peninsula Light Company declared the FDIR system installed and useful beginning September 2012. Peninsula Light Company submitted monthly SAIDI values for the project footprint that was affected by this FDIR system on Fox Island. These calculations were performed by the utility as per their standard procedure. The project assumes that the data are without MEDs. The values were made available for the months from June 2012 through August 2014. As suggested earlier, available data were used. The SAIDI values are listed by month and year in Table 2 . Members experienced relatively long outages during fall 2013 and the winter that followed. The average monthly SAIDI value for all project months was 60.4 minutes per member per month. Table 3 lists the corresponding outage response times-the average number of minutes it took for the utility to restore customer service after outages. No clear pattern is evident, but a series of prolonged outages occurred during the last four months that the project collected data in 2014.
The utility offered monthly data beginning from June 2012, only few months before September 2012 when the utility's FDIR system was reported to have been installed and useful.
Regardless, the project conducted analysis on the series of monthly reliability indices to determine whether any significant change in the distribution system's reliability could be determined.
The first months' and last months' results should be used cautiously. Welch's t-test naturally accounts for different sized data sets, but the results should be questioned if either comparison set has only one sample, or a very small number of samples. It was hypothesized that the installation of the FDIR system would correspond to the timing of a significant improvement in one or both reliability indices. Fig. 7 shows the result of this analysis for SAIDI. Recall from beginning in March 2014. The difference between SAIDI values before and after March 2014 is significant according to the Welch's t-test method that has been described. Then again, the result might have been caused by chance, or favorable weather patterns. Regardless, the project cannot state that SAIDI necessarily improved coincident with the installation of the FDIR system in September 2012. The Welch's t-test analysis was repeated using the monthly restoration costs that had been reported to the project by Peninsula Light Company. The confidence that restoration costs had decreased after a given month when compared with prior months is shown in Fig. 8 . Because the last project months had incurred some of the greatest restoration costs, the trend shown in this figure is generally downward, meaning that restoration costs might appear to be trending worse, not better.
C. OTHER UTILITIES
Several additional PNWSGD utilities upgraded their metering infrastructure during the PNWSGD or otherwise took measures to improve system reliability. It was not specified by these utilities whether MEDs were separately considered or not. Very few conclusions were possible from these analyses; hence they are discussed here only briefly, emphasizing reasons that the analyses were weak or inconclusive. There were few other practical challenges.
First, at least one of the utilities supplied yearly, not monthly or better, summaries of their reliability indices. The lack of data were compounded by the relatively high variability of the reliability indices observed for rural utility circuits. Nothing prevents the Welch's t-test method from being performed, but this and any other statistical method will perform better if large population samples are available.
Another common limitation of the analysis was that the timing of the reliability upgrade was in doubt. Ideally, the method seeks a clear performance improvement starting on the month that the upgrade starts operating. This information is deceptively hard to learn with certainty. It may take several months, for example, to install such an upgrade. One may also get different responses from financial versus engineering entities at utilities concerning a date by when an asset is installed and operating. Each group reaps different rewards and uses different tests for declaring the installations completed.
Finally, as was the case for the Peninsula Light Company data, a robust analysis requires scientific observation both before and after treatment. Ideally, the durations of the before and after test periods should be similar. The authors cannot fully explain why prior historical data were not readily available to the project. One of the options for utilities is to collect data as suggested in the IEEE standard [2] .
V. DISCUSSION AND CONCLUSION
The typical assumption is AMI, and FDIR technologies will certainly improve reliability. This study presents practical complexity and tries to convey that, this generalization may not be appropriate in the face of random weather events. Welch's t-test helps utilities to consider that reliability indices are based on quite random events, and indices are random variables. Using this test, a utility can continuously plot likelihood of improvement in system reliability. Welch's t test shows promise that it is a useful method to look at the data. It helps us to evaluate improvement in reliability values due to outage reduction technologies. The test is founded on good statistics, and it will be able to provide valuable information to operators by plotting likelihood.
FDIR and AMI were implemented by participating PNWSGD utilities to improve distribution system reliability. The analyses of these systems relied heavily upon standard reliability indices that were calculated and reported to the project by the owners of the asset systems. This paper recommends the application of Welch's t-test to more objectively compare reliability indices before and after the month on which a new asset or changes in utility practices, like the project utilities' implementations of FDIR or AMI, might have affected their circuits' reliabilities. The Welch's t-test method provided some useful insights. The method's results will be more useful if similarly sized measurement populations are available from both before (baseline) and after a treatment, like an asset's installation, was applied.
Even in the best circumstances, correlation is not causation. The underlying causes of unreliability are fundamentally unpredictable events. Welch's t-test might help an analyst make objective conclusions in light of inherently noisy data. Utilities should be advised to use this method on an ongoing basis with monthly or finer data to test whether their circuit's reliability might be improving or decaying.
The IEEE ''2.5β method'' [18] for discounting major outage days was shown to be useful prior to the application of Welch's t-test. Elimination of major outage days was shown to have changed our confidence in the difference between reliabilities before and after a month from ''significant'' to ''not statistically significant'' once MEDs had been removed. This prevents a circuit's reliability index from being unduly degraded after a major weather event, for example. But it is conceivable that performance in the light of major weather events is precisely the operational improvement that a utility is facilitating. This paper applies the Welch's t-test method to real reliability indices that had been supplied by utilities that participated in the PNWSGD. Interesting patterns were observed and discussed, but the outcomes did not clearly correspond to the months on which smart grid technologies like FDIR and AMI had been reported to have become active. This was a somewhat surprising finding. If not only the standard confidence intervals (e.g., 95% confidence level) are used, but the trends in the calculated confidence over time are also allowed to be used, a majority of the observed circuits appeared to exhibit decreasing, not improving, reliability indices over the term of the PNWSGD.
